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(57) Abstract: The system includes a source 
of emissions (26) and a catalyst (32) for 
receiving the emissions. Suitable catalysts 
are absorber catalysts and selective catalytic 
reduction catalysts. A plasma fuel converter 
(12) generates a reducing gas from a fuel 
source (18) and is connected to deliver the 
reducing gas into contact with the absorber 
catalyst (32) for regenerating the catalyst. 
A preferred reducing gas is a hydrogen rich 
gas and a preferred plasma fuel converter 
is a plasmatron. It is also preferred that the 
absorber catalyst be adapted for absorbing 
NO x . 
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EMISSION ABATEMENT SYSTEM 

This is a continuation-in-part of United States Patent Application Serial 
No. 09/182,537 filed October 29, 1998. 

Background of the Invention 
5 This invention relates to an emission abatement system and more 

particularly to NO x abatement using on board plasma-fuel-converter 
manufactured reducing gases in conjunction with an NO x absorber catalyst. 

In order to reduce harmful emissions, internal combustion engines may 
be equipped with NO x absorber catalysts (also known as NO x traps or NO x 

1 0 absorbers) to reduce the amount of this harmful substance being released into 
the environment. There is a particularly pressing need for NO x and particulate 
control in diesel engines where pollution abatement is far less effective than in 
spark ignition engines. 

The use of hydrogen gas as a reducing gas for NO x absorber catalyst 

15 regeneration has been taught by Boegner, et. al. y in U.S. Patent No. 5,910,097 
and by truth, et. al. 9 in U.S. Patent No. 5,599,758. However, a practical source 
of hydrogen that is well suited in this application was not identified. Sources 
other than a plasma fuel convenor can have disadvantages of relatively large 
size, inefficient use of fuel, slow response and difficulties in elimination of 

20 carbon formation from diesel and other fuels. Use of a plasma fuel converter 
removes these difficulties. A plasma fuel converter also has the advantages of 
robustness to sulfur and capability for varying the mix of hydrogen rich gas. 
The present application teaches how a plasma fuel converter can be employed 
in various combinations with SCR and NO x absorber catalysts. The plasma 

25 fuel converter is operated in such a way as to minimize cost and power losses. 

U.S. Patent Application Serial No. 09/182,537 filed October 29, 1998, 
of which this application is a continuation-in-part and whose disclosure is 
incorporated herein by reference, disclosed utilizing the hydrogen rich gas from 
a plasma fuel converter to make a catalytic converter more active. That 

30 application also teaches that combustion of the hydrogen rich gas on catalytic 
surface increases the temperature of the catalyst and can be used for quick turn- 
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on of the catalyst during cold startup. That patent application uses plasmatrons 
as the plasma fuel converter. U.S. Patent Nos. 5,425,332; 5,437,250; and 
5,887,554, whose teachings are incorporated herein by reference, describe 
plasmatrons suitable for use in the present invention. 
5 Summary of the Invention 

In one aspect, the emission abatement system of the invention includes a 
source of emissions and an absorber catalyst or selective catalytic reduction 
(SCR) catalyst for receiving the emissions. A plasma fuel converter for 
generating a reducing gas from a fuel source is connected to deliver the 

1 0 reducing gas into contact with the absorber catalyst or SCR catalyst for 

regenerating the catalyst. In a preferred embodiment, the reducing gas is a 
hydrogen rich gas produced by a plasmatron which may be a partial oxidation 
plasmatron. The hydrogen-rich gas includes hydrogen and carbon monoxide. 
A catalyst may be disposed between the plasma fuel converter and the absorber 

1 5 catalyst to enhance the conversion to hydrogen rich gas. The source of 

emissions may be the exhaust from an internal combustion engine such as a 
diesel or a spark ignition engine or the exhaust from a turbine, boiler or burner 
in either a stationary or mobile configuration. In another embodiment, the 
system delivers at least a portion of effluent from the absorber catalyst to an 

20 input to the plasma fuel converter. In another embodiment, the system delivers 
at least a portion of effluent from the absorber catalyst to an input to the source 
of emissions such as a diesel engine. In another embodiment an oxidizing 
catalyst is positioned after the absorber catalyst or SCR catalyst in order to 
eliminate unreacted reducing components. 

25 In yet another embodiment, a valve is provided for preventing the 

exhaust emissions from entering the absorber catalyst during absorber catalyst 
regeneration. A second absorber catalyst may be provided for receiving the 
emissions during regeneration of the first absorber catalyst. A second plasma 
fuel converter may be provided to deliver reducing gases to the second 

2 
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absorber catalyst. A portion of the hydrogen rich gas from the plasma fuel 
converter may be delivered to an input to the source of emissions which could 
be an internal combustion engine, turbine, boiler or burner. In a preferred 
embodiment, the absorber catalyst treats NO x emissions. The system of the 
5 invention may also treat particulates and CO emissions. 

Brief Description of the Drawing 
Fig. 1 is a block diagram of the emission abatement system of the 
invention. 

Fig. 2 is a block diagram similar to the block diagram of Fig. 1. 
10 Fig. 3 is a block diagram of an embodiment of the invention using two 

plasma fuel converters and two absorber catalysts. 

Fig. 4 is a block diagram of an embodiment of the invention utilizing a 
single plasma fuel converter and two absorber catalysts. 

Fig. 5 is a block diagram of yet another embodiment of the invention. 
1 5 Fig. 6 is a graph of peak plasmatron power versus duty cycle. 

Description of the Preferred Embodiment 

In this specification, the term absorber catalyst describes systems used 
for trapping harmful or noxious emissions and then chemically reducing the 

20 harmful or noxious emissions during regeneration periods. An example is the 
well known NO x absorber catalyst- The process of trapping may be either 
catalytic absorption or adsorption or conventional absorption or adsorption as 
taught in United States Patent No. 5,599,758 to Guth, et aL Alternatively, 
harmful or noxious emissions can be trapped in one system and then released 

25 and treated in a downstream unit (engine or catalyst). In such a downstream 
unit, a hydrogen rich gas is used to reduce the harmful or noxious emission. 

Plasma fuel converter (plasmatron) characteristics have been described 
in the United States patents referred to above. Plasma fuel converters suitable 
for the present invention utilize electrical discharges to produce hydrogen rich 
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gas and include DC current plasmas, plasmas with time varying currents and 
pulsed plasmas. The plasma fuel converters can be used in partial oxidation 
operation over a range of ratios of oxygen to fuel carbon. A typical range is 1 
to 2. Steam and C0 2 can also be used as oxidants either by themselves or in 
5 combination. 

With reference now to Fig. 1, an emission abatement system 10 includes 
a plasma fuel converter 12 which may be a plasmatron. The plasma fuel 
converter 12 receives electrical power 14 and also receives air 16. fuel 18 and 
water 20. The plasma fuel converter 12 will reform the hydrocarbon fuel 18 

10 and there may be provided an optional catalyst or catalysts 22 to produce a 
reducing gas such as a hydrogen rich gas 24. 

An internal combustion engine 26 generates an exhaust 28 which passes 
through a valve 30 into an absorber catalyst 32. In a preferred embodiment, the 
absorber catalyst 32 is adapted to treat NO x . That is, the absorber catalyst 32 

1 5 will trap NO x present in the exhaust 28 of the internal combustion engine 26. 
The absorber catalyst 32 is regenerated by the hydrogen rich gas 24 which 
reduces the NO x in the absorber catalyst 32 to nitrogen (N 2 ). The hydrogen 
rich gas 24 produced by the plasma fuel converter 12 may not be fully 
consumed in the absorber catalyst 32 and can be recirculated by passing 

20 through a valve 34 into the plasma fuel converter 12. Some of the gas from the 
absorber catalyst 32 needs to be removed from the system during regeneration 
to allow for the introduction of additional plasma fuel converter-generated 
hydrogen rich gas. If not sufficiently clean, the removed gas can be injected 
into the engine 26 through a valve 36. Note that the valve 30 is closed during 

25 regeneration of the absorber catalyst 32 and the valves 34 and 36 are open 

during such regeneration. The use of gas from the absorber catalyst 32 in the 
plasma fuel converter 1 2 and/or in the internal combustion engine 26 is an 
important aspect of the present invention. 

4 
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The gas exiting the absorber catalyst 32 contains hydrogen, CO, C0 2 , 
nitrogen and some water. There may even be some NO x that is released, not 
having been treated (reduced) by the reducing gas in the absorber catalyst 32. 
The presence of C0 2 and water in the exhaust from the absorber catalyst 32, 
5 when reintroduced into the plasma fuel converter 12, or in the additional air 16 
injected into the plasma fuel converter 12 helps the reformation process, 
generating additional hydrogen from either C0 2 reforming or water-reforming 
or from water-shifting the CO into C0 2 and additional hydrogen. 

A different approach is shown in Fig. 2 in which exhaust 38 of the 

10 closed-cycle NO x -absorber catalyst 32 during regeneration is reinjected into the 
engine 26 by opening the valve 36 so exhaust can go into the engine or pass 
through an alternative catalyst (not shown) in systems with tandem catalysts 
described below. There are several advantages of this mode of operation: any 
parasitic emissions from the absorber catalyst 32 would be injected into the 

1 5 engine where they would be treated (this is the case for unburned 

hydrocarbons, CO, and even NO x ). A second advantage is that the hydrogen 
rich gas 24 that is not used in the absorber catalyst 32 can be used for power 
production in the engine thereby increasing overall efficiency of the system. 

In the case of a single NO x -absorber catalyst, the plasma fuel converter 

20 can be used for producing hydrogen-rich gas for operating in highly reducing 
atmospheres for brief periods of time required for reducing and releasing NO x 
in the catalyst. Depending on the specifics of the NO x -absorber catalyst 
system, operating times on the order of 1-5 seconds are required. 

In the case of a single NO x absorber catalyst or SCR catalyst it may be 

25 necessary to place an oxidation catalyst downstream from the NO x absorber 
catalyst or SCR catalyst. The advantage of this approach is that there is no 
need for a second catalyst or high temperature valves to switch from one 
catalyst to the second catalyst, or to redirect the outlet of either catalyst to be 
reinjected into the engine. The purpose of the oxidation catalyst is to oxidize 
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any leftover hydrogen rich gas, turning the hydrogen into water and the carbon 
monoxide into carbon dioxide. Since the operation of the engine is lean, there 
is enough oxygen in the exhaust to oxidize the hydrogen and the carbon 
monoxide. 

5 As mentioned above in conjunction with Fig. 1, during absorber catalyst 

32 regeneration the valve 30 is closed. In order for there to be continuous 
emission treatment for the engine 26, a tandem system including an additional 
absorber catalyst unit is required. In such a system, exhaust from the engine 26 
will be diverted from the absorber catalyst undergoing regeneration to an 

10 additional absorber catalyst not being regenerated. Exhaust from the absorber 
catalyst undergoing regeneration could then be injected into the absorber 
catalyst not undergoing regeneration. 

There are several variations in which the plasma fuel converter 12 can 
be combined with catalysts. In one embodiment, the plasma fuel converter 12 

15 is integrated with the NO x -absorber catalyst. In this integrated case, if there are * 
two NO x -absorber catalyst units there would also be two plasma fuel 
converters. Such an embodiment is shown in Fig. 3. In this embodiment, 
exhaust gas 28 will pass through the valve 30 into the absorber catalyst 32. A 
valve 44 is closed so that a second absorber catalyst 42 may be regenerated 

20 through the action of the reducing gas from a second plasma fuel converter 40. 
Once the second absorber catalyst 42 has been regenerated, the valve 44 will be 
opened and the valve 30 closed so that the absorber catalyst 32 may be 
regenerated by hydrogen from the plasma fuel converter 12. This cycle is then 
repeated. 

25 As shown in Fig. 4, a different embodiment consists of a single plasma 

fuel converter 12 and directing hydrogen rich gas into the absorber catalyst, 32 
or 42, that is being regenerated. This embodiment saves on the cost of an 
additional plasma fuel converter but requires a high temperature valve. A high 
temperature EGR valve may be used for this purpose. In addition, if the gas 

6 
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from the absorber catalyst being regenerated is to be recycled, either in the 
engine in the plasma fuel converter 12 or in the other absorber catalyst unit, 
then there is needed a valve at the exhaust of the absorber catalysts to control 
the flow of gases as shown in the figure. 
5 The plasma fuel converter 12 may be set to operate continuously while 

an engine, turbine, boiler or burner is operational, with hydrogen rich gas 
normally used in the engine, turbine, boiler or burner to reduce emissions. 
During absorber catalyst regeneration, part or all of the hydrogen rich gas from 
the plasma fuel converter 12 can be redirected into the absorber catalyst unit as 

1 0 shown in Fig. 5 with a portion directed into the engine 26. 

A slightly different approach to the NO x absorber catalyst is to use a 
Selective Catalytic Reduction (SCR) process in combination with a 
microplasmatron fuel converter. The catalyst in the SCR process is also called 
lean NO x catalyst. In the SCR process, the NO x is reduced in a catalyst by a 

1 5 reducing agent while the carbon monoxide and the hydrocarbons are oxidized 
by the oxygen present in the exhaust (which runs in the lean mode of 
operation). Urea or ammonia in stationary sources are being used as the 
reducing agents in combination with an SCR catalyst. It is possible to use 
hydrogen rich gas from a microplasmatron fuel converter as a reducing agent, 

20 avoiding the need of using toxic ammonia or hard to use urea. 

Those skilled in the art will recognize that the systems described above 
may also be used, with a modification of the absorber catalyst, to treat other 
emissions. For example, the system could include a particulate trap that is 
regenerated by the injection of the hydrogen rich gas, with or without an 

25 oxidant. In such an embodiment, hydrogen rich gas is used, along with some 
free oxygen, for burning the particulates deposited in the particulate trap. 
Alternatively, if the temperature of the trap is high enough, it could be used for 
gasification of the particulates without the use of an oxidant. The absorbing 
and/or gasification process could be either homogeneous or catalytic in nature. 

I 7 
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The systems disclosed herein can be used to control emissions from sources 
other than internal combustion engines. These systems are applicable to gas 
turbines, boilers and burners for both mobile and stationary applications. 
The plasma fuel converter, such as a microplasmatron, has 
5 characteristics ideal for the regenerative applications disclosed herein. The 
plasmatron reformate is a highly reducing gas and thus reduces NO x to N2. 
Plasmatrons readily transform diesel fuel into hydrogen rich gas and have 
instantaneous turn-on and response in a very compact unit. Plasmatrons exhibit 
robust operation with very low average power requirements and because of the 
10 short duty cycle, system efficiency is not particularly critical. Average 

electrical power may be in the range of 10 to 3000 watts with peak electrical 
power of 100 to 30,000 watts. There is a modest electrode lifetime 
requirement. 

The microplasmatron fuel reformer has the added advantage over 
1 5 conventional catalytic reformers in that it can easily process high sulfur fuel. 
In the plasma reforming, the sulfur is converted to hydrogen sulfide, which is 
much less harmful to the catalyst than other forms of sulfur. This advantage 
can be used directly in the case when a catalyst is combined with the 
microplasmatron fuel reformer, in order to increase the hydrogen conversion 
20 and to reduce the energy consumption by the microplasmatron fuel reformer. 

In addition, production of hydrogen can be useful in reducing sulfur 
contamination of catalysts used to reduce emissions, including NO x catalyst 
traps. Catalyst trap regeneration using hydrogen rich gas is thus more effective 
in handling non-sulfur- free or sulfur reduced fuels than fuel-rich regeneration 
25 of catalyst traps, which is the conventional approach. 

Illustrative characteristics of an integrated microplasmatron fuel 
converter-catalyst system are shown in Table I. A DC arc plasmatron is 
operated in partial oxidation mode and the ratio of oxygen to fuel carbon is 
assumed to be approximately one (stoichiometric partial oxidation). 

8 



BNSDOCID: <WO 011469SA1_I_> 



WO 01/14698 



PCT/USOO/22648 



Table 1 
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180 


360 




720 




Plasmatron duty cycle 




% 
4% 




8% 
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Peak Hydrogen flow rate 
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Plasmatron peak power 
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1.25 
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5 





Fig. 6 shows that for a thirty horsepower engine a plasmatron will have a 4% 
duty cycle resulting in plasmatron peak power of 1 108 watts. Table 2 shows 
the system characteristics for a 1.1 kilowatt microplasmatron and 6g/hp hr NO x 
5 generated by an engine. Other plasmatrons, such as that described in our co- 
pending application, entitled "Low Power Compact Plasma Fuel Converter," 
mailed with Express Mail Label EJ217557337US, the contents of which are 
incorporated herein by reference, can also be used in the practice of this 
invention. 

10 Table 2 



Engine Power 


hp 
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90 
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Plasmatron On-time 


s 




10 




20 




30 




40 


Time between Catalyst 




regeneration 


min 




4.1 




4.1 




4.1 




4.1 


Plasmatron Duty Cycle 


0.04 




0.08 




0.12 




0.16 



In the embodiments disclosed herein, a water shift reaction may be used 
to increase hydrogen and decrease CO concentrations. On-board hydrogen 
generation using plasma fuel converters according to the invention will have a 
5 major impact for diesel emission control through regeneration of NO x and 
particulates absorber catalysts. The plasmatron is compact and provides rapid 
response and robust production of hydrogen from diesel fuel. Average power 
is low (less than 50 W). The plasmatron electrode lifetime is long due to the 
low duty cycle and the cost can be under $500. Hydrogen can be used in 
10 greater amounts in the engine as an additive, further decreasing emissions. 

11 



NSDOCID <WO 011469BA1J_> 



WO 01/14698 



PCT/US00/22648 



It is recognized that modifications and variations of the invention will 
occur to those skilled in the art and it is intended that all such modifications 
and variations be included within the appended claims. 
What is claimed is: 



12 



011469BA1 J_> 



WO 01/14698 



claims 



PCT/US00/22648 



1 . Emission abatement system comprising: 
a source of emissions; 

a catalyst for receiving the emissions; and 

a plasma fuel converter for generating a reducing gas from a fuel source 
5 and connected to deliver the reducing gas into contact with the catalyst. 

2. The emission abatement system of claim 1 wherein the catalyst is an 
absorber catalyst. 

3. The emission abatement system of claim 1 wherein the catalyst is a 
selective catalytic reduction catalyst. 

10 4. The emission abatement system of claim 1, 2 or 3 wherein the reducing 
gas is a 

hydrogen-rich gas. 

5. The emission abatement system of claim 1, 2 or 3 further including at 
least one catalyst disposed between the plasma fuel converter and the absorber 

1 5 catalyst. 

6. The emission abatement system of claims 2 or 3 wherein the NO x 
absorber catalyst or selective catalytic reduction catalyst is followed by an 
oxidation catalyst to remove left over hydrogen and carbon monoxide from the 
exhaust prior to release. 

20 7. The emission abatement system of claim 1 , 2 or 3 wherein the plasma 
fuel converter includes a plasmatron that employs partial oxidation. 

8. The emission abatement system of claim 1, 2 or 3 wherein the source of 
emissions is exhaust from an internal combustion engine. 

9. The emission abatement system of claim 8 wherein the internal 
25 combustion engine is a diesel engine. 

10. The emission abatement system of claim 8 wherein the internal 
combustion engine is a spark ignition engine. 

11. The emission abatement system of claim 1, 2 or 3 wherein the source of 
emission is exhaust from a turbine, boiler or burner. 

13 
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12. The emission abatement system of claim 1, 2 or 3 further including 
means for delivering at least a portion of effluent from the catalyst to an input 
to the plasma fuel converter. 

13. The emission abatement system of claim 1, 2 or 3 further including 

5 means for delivering at least a portion of effluent from the catalyst to an input 
to the source of emissions. 

14. The emission abatement system of claim 1, 2 or 3 further including a 
valve for preventing the emissions from entering the catalyst during catalyst 
regeneration. 

10 15. The emission abatement system of claim 1, 2 or 3 further including a 
second catalyst for receiving the emissions during regeneration of the catalyst. 
16. The emission abatement system of claim 15 further including a second 
plasma fuel converter for generating reducing gas for delivery to the second 
catalyst. 

15 17. The emission abatement system of claim 4 further including means for 
delivering a portion of the hydrogen rich gas from the plasma fuel converter to 
an input to the source of emissions. 

18. The emission abatement system of claim 17 wherein the source of 
emissions is an internal combustion engine, turbine, boiler or burner. 
20 19. The emission abatement system of claim 1, 2 or 3 wherein the catalyst 
treats NO x emissions. 

20. The emission abatement system of claim 1, 2 or 3 wherein the emissions 
include particulates to be treated. 

21. The emission abatement system of claim 1, 2 or 3 for treating CO 
25 emissions. 

22. The plasma fuel converter of claim 1, 2 or 3 operated with an average 
electrical power of 10 to 3000 watts. 

23. The plasma fuel converter of claim 1, 2 or 3 operated with a peak 
electrical power of 100 to 30,000 watts. 

14 
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24. The plasma fuel converter of claim 1, 2 or 3 wherein the fuel is not a 
sulfur-free or sulfur-reduced fuel. 

25. The plasma fuel converter of claim 1, 2 or 3 wherein the hydrogen rich 
gas is used to reduce sulfur from the surface of a catalyst that has been 

5 contaminated with sulfur. 



15 
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